We show how to correctly extract from the ellipsometric data the surface susceptibility and the surface conductivity that describe the optical properties of monolayer MoS 2 . Theoretically, these parameters stem from modelling a single-layer two-dimensional crystal as a surface current, a truly two-dimensional model. Currently experimental practice is to consider this model equivalent to a homogeneous slab with an effective thickness given by the interlayer spacing of the exfoliating bulk material. We prove that the error in the evaluation of the surface susceptibility of monolayer MoS 2 , owing to the use of the slab model, is at least 10% or greater, a significant discrepancy in the determination of the optical properties of this material.
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In 2004, Novoselov and co-workers discovered that a variety of two-dimensional (2D) crystals can be mechanically exfoliated from a bulk precursor [1, 2] . This promoted intense research in the physical properties of this new class of materials. These single-layer atomic crystals are stable under ambient conditions, exhibit high crystal quality, and they appear continuous on a macroscopic scale [2] . Two-dimensional materials have diverse electronic properties, ranging from insulating hexagonal BN [3] and semiconducting transition-metal dichalcogenides [4] , to semi-metallic graphene [1] . In addition their optical properties are exceptional: their strong optical contrast is useful in microfabrication [5, 6] , they support both transverse electric and transverse magnetic surface modes [7] [8] [9] , their second order nonlinear optical response depends on their crystal orientation [10] [11] [12] , the fine-structure constant determines the absorption of graphene [13] , retardation-field effects and the radiation-reaction electric field play a relevant role in their optical response [14, 15] .
This diversity in optical properties causes us to overlook very important subtleties in their physical description. Optical experiments have been interpreted by modelling all the 2D materials as homogeneous slabs, with an effective thickness of the order of the interlayer spacing of the original exfoliating solid [5, 16] . There are two reasons for this. The first, atomic force microscopes can indeed measure the thickness of these materials [2] . This can be confused as an experimental confirmation of the slab model. The second, exfoliated 2D crystals can be single-layer or multi-layer and the slab model can easily be extended to treat multi-layer crystals.
A recent paper [17] fitted optical-contrast [5] , ellipsometry [16] and absorption [13] experiments on graphene by modelling a 2D crystal as a zero-thickness interface with a complex surface conductivity [18] [19] [20] and compared the results with those for the slab model. A chi-squared test on the reported fits rejected the slab model at the 0.1% significance level or lower, while it was consistent with the surface-conductivity model.
In the case of graphene a constant value for the refractive index has been generally assumed [5, 16, 17] and this is not necessarily implied by the choice of the slab model. gap. Due to this property their optical constants change significantly in the visible spectrum.
The monolayer MoS 2 was the first one to be experimentally addressed [4] and it is by far the most studied single-layer crystal in this family.
Among the several experimental investigations of the linear optical response of a singlelayer MoS 2 . Li et al. [21] use the slab model to determine a complex bulk dielectric function ǫ = ǫ 1 − iǫ 2 and a related complex bulk optical conductivity σ b = iǫ 0 ω(ǫ 1 − 1 − iǫ 2 ) where ǫ 0 is the vacuum permittivity and ω is the angular frequency of the light. They then express χ and σ by simply multiplying the corresponding bulk quantities by an effective thickness equal to the interlayer spacing d of the exfoliating bulk material
The authors claim that this is equivalent to treating the single layer MoS 2 as a 2D layer with a sheet conductivity.
Morozov et al. [22] publish both dielectric constants and optical conductivities. The Shen et al. [23] report the real part of the surface conductivity in the THz range and the complex dielectric constant in the optical spectrum. They fit their ellipsometric spectra with a: (four-medium optical model, consisting of a semi-infinite substrate / bulk film / surface roughness / air ambient structure.) Their approach is equivalent to ref. [21] .
Many other authors determined the optical properties of a monolayer MoS 2 [24] [25] [26] [27] [28] [29] [30] They all use the slab model and describe the crystal as in [21] .
In this paper, we report ellipsometric data for a single-layer MoS 2 . The surface-current model is used to extract both χ and σ. Then these results are compared with those obtained applying the slab model plus equation (1) . The different estimation due to the two models is finally discussed in terms of the experimental uncertainty of our measurements.
We determine χ and σ by fitting the ellipsometric measurements of a single-layer MoS 2 deposited on a transparent substrate. The precision of extracting the optical constants of a monolayer MoS 2 can be substantially increased in this case because the ellipsometric ∆ response of a dielectric substrate is trivially 180Â
• for an angle of incidence smaller than the Brewster's angle (θ B ) and 0Â
• otherwise. Thus any ellipsometric phase variation should be produced by the MoS 2 layer.
Spectroscopic ellipsometric measurements are performed using a VASE ellipsometer (J.
A. Wollam) in ambient conditions at room temperature, for 3 angles of incidence (35Â • , 50Â
• , 65Â
• ) in the spectral range 300 nm ≤ λ ≤ 900 nm that encompasses the entire visible spectrum (λ is the wavelength of the incident light).
We have prepared one large-area (up to millimeters), poly-crystalline, continuous, single- Backside reflections are a problem when using parallel plate thin transparent substrates.
They alter the measurement of the optical properties of the 2D material deposited on the top. We taped the backside of the substrate to avoid this problem.
The first step of our analysis is the characterization of the substrate. At 50Â
• and 65Â by assuming a semi-infinite BK7 glass and the Sellmeier expression for its refractive index n(λ). At 35Â
• the best fit is obtained by considering the Sellmeier expression for n(λ) minus a constant value of 0.020 ( fig.1 ). The ellipsometric parameter ∆ is dominated by noise. We measure the extinction coefficient of the substrate by an absorbance measurement (Jasco Spectrophotometer V-550) and we find that it is minor than 1.43 · 10 −5 across the spectral range that we analyze. We verified that such a low extinction coefficient does not influence the fit of the Ψ parameter of the substrate nor the other experimental fits reported in this paper.
Then we measure the sample. Figure 2 reports the experimental data for the ellipsometric parameter Ψ. The 2D crystal contributes a signal that is clearly appreciable in comparison with the substrate. It is interesting to note that the Ψ of the sample has similarities with that of the substrate in its magnitude and in its dependence on the incident wavelength.
Before θ B , Ψ decreases with the wavelength (apart from the excitonic contribution of the sample). Above θ B , it increases with the wavelength. Also the ellipsometric parameter ∆ ( fig. 3 ) bears some similarity with a semi-infinite transparent substrate. Before θ B , it varies around 180Â
• , after θ B around 0Â
• . of ref. [17] (formulas (6)). It is convenient to use a logarithmic scale for the y axis of σ because its value spans two order of magnitude. The good quality and the reproducibility of the experimental data is confirmed by the excellent superposition of the curves for χ and σ at the three angles of incidence. Data for the three curves are collected every 3 nm at the same λ. For each λ we can compute an average χ and σ. We can then compute the root mean square value and we obtain on average 0.35 nm for χ and 6.5 · 10 −6 Ω −1 for σ. The value of σ is very sensitive to the refractive index of the substrate (at 900 nm a variation of n by 0.005 changes σ of 7.5 · 10 −6 Ω −1 ). This is why it was important to well characterize it. Remarkably in our analysis we do not require any hypothesis on the roughness of the substrate (that can be neglected) or the existence of a Cauchy sublayer that are sometimes invoked in the ellipsometric measurements of 2D materials [16, 26] .
We now compare χ and σ obtained with the surface-current model with those obtained with the slab model plus equation (1) than the experimental error reported above. This analysis is visually confirmed in fig. 5 where the respective curves are reported.
As a final analysis we confirm once more that ellipsometry is a viable tool to ascertain if a 2D crystal is single-layer or not. Figure 6 compares the surface conductivity published in ref. [21] ( fig. 3.a) peaks, but it is clearly a single-layer crystal.
In conclusion we have carried out spectroscopic ellipsometric measurements on a singlelayer MoS 2 in the spectral range 300 nm ≤ λ ≤ 900 nm. The optical constants of the material, χ and σ, have been extracted via the surface-current model [17] , specific for a 2D physical system. It is interesting to compare these results with similar analysis done on graphene and single layer h-BN [9, 17] . 
